We measured high precision lead isotope ratios and lead concentrations in blood, urine, and environmental samples to assess the significance of diet as a contributing fatr to blood and urine lead levels in a cohort of23 migrant women and 5 Australian-born women. We evaluated possible correlations between levels of dietary lead intk and changes observed in blood and urine lead levels and isotopic composition during pregnancy and postpartum. Mean blood lead concentrations for both groups were approximately 3 pg/dl. The concentation of lead in the diet was 5.8 t 3 pg Pb/kg [geometric mean (GM) 5.2] and mean daily dietr intake was 8.5 pg/k/day (GM 7.4), with a rane of 2-39 pg/kg/day. Analyis of 6-day duplicate dietary samples for individual subjects commonly showed major spikes in lead concentraton and isotopic composition that were not reflected by asoated ianges in either blood lead concention or isotopic composition. Changes in blood lead levels and isotopic composition observed during and after pregnancy could not be solely explained by dietary lead. These data are consitent with earlier conclusions that, in cases where levels of environmental lead exposure and dietary lead inta are low, skeletal contribution is the dominant contributor to blood lead, especily during pregnancy and postpartum.
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Environ Health Perect 107: 257-263 (1999) . [Online 5 March 1999] hapt:/XehApnetl. niehs.nib.ou/dos/ 9n999/107p257-263gkon/abstract.html Diet is currently considered the major contributing factor to blood lead levels due to decreasing lead concentrations in environmental and other traditional sources (1) (2) (3) (4) . We believe that although diet is the main exogenous source of lead for the subjects involved in this study, bone stores of lead are the predominant contributor to blood lead in cases where levels oflead in diets are low.
Blood lead prevalence surveys have demonstrated a considerable decline in blood lead levels over recent decades. For example, the National Health and Nutrition Examination Survey III showed a decrease in mean blood lead for the U.S. population from 13 pg/dl in [1978] [1979] [1980] [1981] to 3 pg/dl in 1988-1991 (5) . Similar trends have been observed in the United Kingdom (6), Sweden (7), Italy (8) , and Spain (9) . Explanations for declining blood lead have been the reduction or elimination of leaded gasoline for automobiles and lead solder in canned foods (1) (2) (3) (4) . The monitoring of dietary intake is especially relevant in studies involving subjects whose blood lead is <5 pg/dl, as is the case for most of the subjects in the present study.
Several recent studies have demonstrated that lead can be mobilized from the maternal skeleton during pregnancy and lactation in humans (10) (11) (12) , in monkeys (13) (14) , and in rodents (15) (16) . In these studies it is essential to be able to distinguish between lead from historical stores (such as bone) and lead from the current environment, especially in diets. In the animal studies, this problem can be fairly easily rectified with specific diets, but this is not the case for humans. In the human study we avoided this problem by measuring prospective lead isotope and lead concentration changes in the blood and urine and in environmental samples of migrated females whose bone stores of lead acquired over their lifetime are from isotopically different sources than their current Australian environment.
In this study we addressed the following questions: What is the impact of diet on blood and urine in adult females during pregnancy and postpartum and what is the relevance of these results to increased mobilization of lead from the skeleton during these times of physiologic stress? Methods Subjects. Our Analytal methods. The dietary samples were analyzed by inductively coupled plasma mass spectrometry for calcium, magnesium, iron, barium, strontium, phosphorus, zinc, and copper. The methods for obtaining the lead isotope ratios and lead concentrations, induding sample digestion, lead separation, thermal ionization mass spectrometry, and precision estimates, are detailed elsewhere (10) (11) (12) (17) (18) (19) , but are briefly described here. A justification for the small numbers of subjects for these studies is described by Gulson et al. (19l) . All sample preparation was performed in purpose-built low-contamination laboratories (clean rooms), incorporating features such as filtered air intake and laminar flow hoods.
Blood. To minimize sample heterogeneity, the total blood sample was predigested in ultrapure concentrated nitric acid and a <1-g aliquot was removed to a dean Teflon vessel. A 202Pb spike solution of known isotopic composition and lead concentration was added to the aliquot to obtain the concentration of lead and isotopic composition of the unknown sample in one analysis (known as the isotope dilution method). Lead was separated from interfering elements, such as iron and zinc, by anion-exchange chromatography in a hydrobromic acid medium.
Urine. An aliquot of 5-10 ml was spiked with 202Pb and digested in ultrapure nitric acid and the method of lead separation was the same as that for blood samples.
Dietary samples. The data were also analyzed using the general linear modeling procedure of SAS version 5.0 (SAS Institute Inc., Cary, NC), which permitted the estimation of means from the estimates of model parameters.
Resuls
Dietary samples. The mean daily dietary intake for the 29 subjects in this study was 8.5 pg Pb/day with a range of 2.7-39 pg/day. Data for 6-day duplicate dietary samples for all adult females in this study (n = 263; n = the number of individual samples analyzed for lead isotope ratios and lead concentrations) showed that lead concentration in diet was generally low with a mean and standard deviation (SD) of 5.8 ± 3 pg/kg [geometric mean (GM) 5.2 pg/kg].
The isotopic composition in the diet varied considerably with 206Pb/204Pb ratios, ranging from 16 cAverage intake over 6-day sampling period.
Volume 107, Number 4, April 1999 * Environmental Health Perspectives a quarterly market basket survey over a 12-month period was <17.0 (17) . These changes were also observed in the slightly lower 206Pb/204Pb ratio in the diet of the nonpregnant migrant controls as compared to the pregnant migrants and Australian controls (Table 1) . However, there were no statistically significant differences (t-test, two-tail) between the pregnant migrants and Australian controls for the concentration of lead in diet, the isotopic composition, or daily intake. Most of the data for the nonpregnant migrant controls were obtained earlier in this study in investigations of long-term monitoring to determine the validity of using migrant subjects (10) and to determine changes in the blood lead levels of children as compared to migrant mothers (18 Lead concentrations in urine have a mean value of 2.7 ± 3.0 pg/kg (GM = 1.8 pg/kg) and range from 0.1 to 28.1 pg/kg (n = 327). As with blood samples, the isotopic variations can be large depending on the status of the mother. There is a high degree of correlation of >0.9 in the isotopic ratios between blood and urine but a much lower correlation for the lead concentrations between blood and urine (21, 22) .
Environmental samples (water, dust, gasoline, air). Environmental lead concentrations were consistent with measurements from urban environments (23 [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] show the 206Pb/204Pb ratio ranged from 16.3 to 7.0 (24) . The lead concentration in suburban Sydney air has fallen dramatically since the introduction of unleaded gasoline in 1986 and is now consistent with the levels found in U.S. cities (0.1 pg Pb/m3) (25) . The value of 0.1 pg Pb/m3 is the default number used (Table 2 ). However, inspection of the data (Fig. 4) showed that during the postpartum period, the mean 206Pb/2Pb for blood was significantly higher than that for diet, and was confirmed by analysis of the data separately for the first three time periods (during pregnancy) and for the last three time periods (postpartum). This was also confirmed by the results of leastsquares mean regressions (Table 3) , which showed that prepregnancy the initial 206Pb/204Pb ratios were very similar (17.62) but the means diverged with time (Fig. 4) .
For the nonpregnant migrant controls, there was no significant difference in 206Pb/204Pb ratio over time for blood and diet ( Table 2, Fig. 5 ). The mean isotopic ratios and Pb concentrations did not show significant increases or decreases over time (Table 3) .
For the pregnant Australian subjects, there was a statistically significant difference in 206Pb/204Pb ratio over time for blood and diet (Table 2, Fig. 6 ). Apart from the lower mean 206Pb/204Pb ratio in the prepregnancy diet, the mean isotopic ratios and Pb concentrations did not show significant increases or decreases over time (Table 3) .
No useful results were obtained for multiple linear regression analyses with dietary isotopic composition and lead concentration as the independent variables and blood as the dependent outcome over various time periods for the migrant groups. Dietary isotopic composition and lead concentration were significant predictors of isotopic composition and lead in urine for the Australian mothers during pregnancy and postpartum and could account for >80% of the variation in the data for urine (Table 4) . Figure 2 have been published (18) . On the other hand, there were rare individual cases in which a direct relationship was observed between diet and blood lead concentrations, as shown in Figure 3 for subject 1025, a nonpregnant migrant control. The spike was traced to a Russian samovar containing lead solder; the hot water from the samovar was used in beverage and other food preparations. Cessation of use of the samovar resulted in a return to normal isotopic composition and blood lead. The significant changes of lead concentration and isotope ratios observed in the blood of this subject may point to an increased bioavailability of lead in warm to hot water as compared to other foodstuffs. Elevated blood lead in an individual was also traced to a samovar (26) . (Fig. 1) . Our estimates of rates of exchange between skeletal lead and environmental lead for these subjects (10, 29) are consistent with clearance rates of lead from blood obtained for male subjects (30, 31) . Equilibrium between the isotopic composition in migrant subjects' blood and Australian environmental lead was reached after approximately 4-6 months in Australia (10) . During pregnancy, as bone lead stores are mobilized, blood lead isotope values increase again (Fig. 1) , a change that we believe reflects the presence of lead that has been released from bone stores (11, 12) . The migrant group acquired bone stores of lead with 206Pb/204Pb isotopic ratios ranging from 17.7 to 18.5, which are unlike those acquired by the Australian-born subjects (approximately 17.0), allowing a distinction to be made between current lead in blood acquired from Australian sources and older bone-stored lead values not available from Australian sources.
Using this approach of high precision lead isotope fingerprinting, we have argued previously that the dominant contribution to blood lead in recently arrived migrants to Australia was from skeletal sources and that this contribution ranged from 41 to 73%, even after more than 300 days (10) . Furthermore, we proposed that during pregnancy and the postpregnancy period, extra lead was mobilized from the maternal skeleton, with larger contributions during the postpregnancy period as a consequence of higher bone turnover associated with the low calcium intake (12 (Tables 3 and 4 , Fig. 6 ). If dietary contribution to blood and urine was significant, it should be readily detectable using our methods. The statistical analyses show that over time there is no significant change in mean values for the Australian subjects ( Table 3 ), but that there is a significant difference in the isotopic composition of blood and diet (Fig. 6) . It was argued earlier (18) that the negligible changes in isotopic composition of blood for migrant subjects in response to major changes in dietary isotopic composition (e.g., Fig. 2 ) indicate a small lead contribution from diet to blood. In contrast to Australian subjects, there are no significant differences in isotopic composition for diet and blood over time for nonpregnant migrant subjects and for the migrant pregnant subjects during pregnancy. During postpartum there are, however, increases in the 206Pb/204Pb ratio of the blood of the pregnant migrant and a significant difference in 206Pb/204Pb ratio of blood and diet. Over time, the mean 206Pb/204Pb ratio increases and plateaus during the postpartum period (Fig. 4) , as described in an earlier study of fewer subjects (12) .
The mean blood lead concentration also increases from the pregnancy to postpartum period for the pregnant migrant and Australian mothers (Table 3) , with a mean increase of approximately 20%.
The increases in blood 206Pb/204Pb ratio and lead concentration and significant differences to those variables in food are consistent with our earlier conclusions that the increases reflect increased mobilization from the maternal skeleton during pregnancy and lactation especially associated with a low calcium intake for the subjects ( 11, 12) .
Impacts on blood lead. The lack of predictive relationships for dietary lead on blood for migrant subjects is consistent with the majority of their data when assessed individually on time-series presentations such as in Figure 2 . In other words, there are major spikes in diet yet minimal changes in blood lead isotopic composition and concentration. There are, of course, exceptions, as in the case of subject 1025 and the use of the samovar (Fig. 3) .
The potential changes in blood lead concentration from changes in dietary intake may be relatively small in real terms. For example, if the dietary intake is increased from 7 to 14 pg Pb/day and other inputs remain constant, the blood lead increase is only 0.1-0.2 pg/dl and would not be detectable by most analytical methods except isotope dilution. Minor Spikes in either dietary isotopic composition or lead concentration may also be undetectable because of the low amount of absorption and the clearance rate of lead from blood. The mean life of lead in blood is approximately 30 days (30, 31) and the circulating life for red blood cells-the main store for lead in blood is approximately 100 days.
It is possible to calculate the impact of diet on blood isotopic composition and concentration using well-established methods from isotope geochemistry, assuming two-component mixing (32) . For two-component mixing, the results for varying proportions of, for example, blood and diet will lie on a straight line between the two end-member values for the components on a plot of the inverse of the lead concentration versus the lead isotope ratio or a hyperbola for lead concentration versus the lead isotope ratio. For a worst-case scenario, data were chosen from a subject with a low blood lead level (2 pg/dl) as one endmember; the other end-member was a dietary sample with the highest concentration of lead (Fig.   7 ). Using 10% fractional absorption, the impact of this diet on the subject's blood would change the 206Pb/204Pb ratio from 17.00 to 17.19 and the lead concentration from 2.00 to 1.99 pg/dl. With the low dietary lead levels of 8.5 pg Pb/kg/day for the subjects of this study, the change in blood lead concentration and isotopic values would be barely detectable; e.g., the 206Pb/204Pb change may be from 17.00 to 17.02. The value of 17.0 is the mean value for blood of the Australian subjects (Table 3) . The minimal changes shown by the mixing calculations are consistent with the statistical analyses for the Australian subjects, where the blood shows little change over time in spite of the high 2016Pb/204Pb ratio in the diet (Fig. 6) . Hence, we infer that the fractional absorption rate from the adult's diet is <10% and any dietary contribution to blood lead is overwhelmed by skeletal lead, especially during pregnancy and postpartum.
Clearance rates of lead from blood may also contribute to the lack of correlation between lead and blood in the migrant subjects. Inskip et al. (33) traced the clearance rate of lead from soft tissue by administering enriched isotopes (in our human study this would be equivalent to Australian sources of lead such as diet) to monkeys with a previous long-term exposure to lead from a source dif ferent from that of the administered lead (equivalent to migrant lead in the human study). Using unmixing relationships, the authors were able to distinguish between the oral dose and the historic/recent lead that was derived from bone. The flux of lead released from bone to blood was relatively constant and was dominated by historic bone stores. The study showed that the majority of the administered enriched isotopes were rapidly cleared from soft tissues, with very small amounts of enriched isotopes observed in blood samples taken 23 months after the last dose of enriched isotopes. Hence, in our subjects, although the majority of the dietary spike would be mostly cleared from the blood Volume 107, Number 4, April 1999 * Environmental Health Perspectives and soft tissues, the small amount taken up by trabecular bone may still be detectable several months later. Because changes were detected in blood isotopic composition and blood lead after a spike of much less intensity than for the worst-case scenario illustrated in Figure 7 , both in the quarter following the spike and thereafter, these observations appear consistent with the small contribution of lead from diet to blood in adults. Information on absorption rates provided by other studies (31, 34) is also relevant to our results. Chamberlain (31) summarized the data for absorption of soluble tracer lead taken with meals and obtained a weighted mean value of 8%. Our data are consistent with these estimates. Furthermore, the long-term absorption studies of Rabinowitz et al. (34) were carried out for 41-116 days so that the time intervals are relevant to our investigations, which lasted in some cases for more than 2 years.
There are some limitations to assessing dietary lead at fixed points in time and then comparing the blood lead and isotopic composition measurements at the same point in time. One of the limitations is that blood would reflect the contributions (if any) at some time after, and not concurrent with, the assessment of diet. Blood was sampled at the beginning of the 6-day dietary sampling period, when dietary sample containers were delivered. To test the effect of timing of diet and blood sampling, we undertook a small study at the inception of this project by collecting blood samples prior to and at the end of the dietary sampling period. We found negligible differences in lead isotopic composition or lead concentration values. Furthermore, questioning of the subjects indicated that they had an approximate 14-day shopping menu with only seasonal fruit variations over the whole year. Another problem may be that newly changed isotopic inputs from diet may not impact red blood cell isotopic proportions as immediately, or to the degree expected, because possibly up to half of the lead in red cells is less exchangeable and may remain with the cell for its circulating life of about 100 days. Thus newly formed cells or plasma lead should reflect concurrent isotopic dietary and skeletal contributions, but they make up only a few percent of the red cell mass. A reflection of current dietary contributions to plasma was proposed as the reason for the more rapid changes toward Australian values observed in urine as compared to blood samples for many of the migrant subjects in their first 4-6 months after arrival in Australia (10, 21) . The impact of short-term dietary contributions to blood lead are also illustrated by the data for subject 1025, who consumed water from a samovar (Fig. 3) . The rapid increases in lead concentration over the period from 477 to 554 days and then similar rapid decreases after cessation of the consumption of this water at about 600 days and a return to a baseline may be an indication that the lead has been incorporated into newly formed cells.
In condusion, by using a reliable measure of dietary intake and high precision analytical techniques, we suggest that consumption of a diet containing average amounts of lead contributes minimally to blood lead in adult females. We suggest that the dietary and blood and urine relationships observed in the migrant subjects during pregnancy and lactation are consistent with earlier conclusions that the changes in lead isotopic composition and increases in blood lead concentration arise from mobilization of lead from bone stores.
